Structure and water dynamics of aqueous peptide solutions in the presence of co-solvents We perform neutron diffraction and quasi-elastic neutron scattering (QENS) to probe hydration water structure, and dynamics down to supercooled temperatures, of a concentrated amphiphilic peptide system with the co-solvents glycerol and dimethyl sulfoxide. We find that the kosmotropic co-solvent glycerol preserves the hydration structure near the peptide that is observed in the water solvent alone, that in turn preserves the dynamical temperature trends of two water relaxation processes-one corresponding to a localized relaxation process of the peptide bound surface water and a second relaxation process of the outer hydration layers. By contrast the chaotropic co-solvent, by disrupting the hydration layer near the peptide surface, eliminates the inner hydration layer relaxation process induced by the peptide, to show a single timescale for translational water dynamics.
INTRODUCTION
The formulation of effective co-solvents is important in biopharmaceutical production of peptide and proteins to improve their long-term storage and delivery 1 . Non-aqueous solvents such as trifluoro-ethanol or methanol can lead to specific stabilization of certain secondary structural motifs 2 , and co-solvents such as glycerol or trehalose are stabilizers that have cryoprotective properties for proteins 3, 4 . Protein folding reactions and experimental models of the random coil state typically use denaturants such as guanidine hydrochloride, urea, or dimethyl sulfoxide (DMSO) to destabilize the native state 5, 6 , although DMSO can also act as a protein stabilizer at certain concentrations 7 . These results suggest that understanding solvent environmental influences may lead to the ability to exploit not only differences in monomer composition but solvent composition, to create biological and non-biological polymers with desired properties.
Empirical evidence has accumulated that denaturants and non-denaturants interact differently with the water co-solvent and protein solute that influences protein stability, selfassembly, and activity properties 8, 9 . Chaotropes (protein destabilizers) are thought to be "pushed"
onto the protein surface, thereby depleting the hydration layer and decreasing water's surface tension to promote denaturation by now favored exposure of hydrophobic groups 10 . By contrast, kosmotropes (protein stabilizers) are instead excluded from the protein surface due to their enhanced solubility in the water phase, which increases the surface tension of water to oppose the exposure of hydrophobic groups to stabilize the folded state 10 . However, it is also observed that the same co-solvent can serve as either a stabilizing or destabilizing agent under varied conditions that may depend on the protein, on the water content, on temperature, on co-solvent concentration, or some combination of all variables 7, 11, 12 . Presently we don't know whether co-solvents promote (or decrease) protein stabilization through selective hydration of certain amino acid side chains, or how specific water and co-solvent interactions might change as a function of temperature. Exceptions to the "rules" for chaotrope vs. kosmotrope solvation based on these simple thermodynamic or structural arguments do not allow for the possibility that the kinetics may be important, and relative timescales of motion of the constituents of co-solvent protein solutions are much more poorly characterized and understood than structure.
The complexity of protein systems has led to consideration of simplified representations that might serve as reduced models of a protein's hydration. Our group has focused on understanding hydration environment through the study of individual blocked amino acids as a function of their concentration in water. [13] [14] [15] [16] [17] [18] [19] [20] The role of hydration in the earlier steps of folding are mimicked when the local concentration of amino acids is relatively dilute, while more concentrated solutions describe the consequences of hydration of the folded protein surface when solvent shells overlap.
This can be viewed as a model systems approach for the characterization of hydration or environmental influence on protein self-assembly or co-assembly, invoking an approximation that collapsed polymers can be modeled by increasing the effective local concentration of monomers.
In this paper we perform neutron diffraction and quasi-elastic neutron scattering (QENS) at two resolutions that probe timescales of picoseconds to nanoseconds on a concentrated peptide system, N-acetyl-leucine-methylamide (NALMA, Figure 1 ), in aqueous solution with co-solvents glycerol (non-ionic kosmotrope) and DMSO (non-ionic chaotrope). We have previously reported QENS experiments for the water dynamics in a concentrated solution of NALMA without cosolvents over a temperature range of 248K to 288K, in which we observed two translational components when analyzed under a combination of the jump diffusion model and the relaxation cage model. 17 We determined that the first translational motion is a localized relaxation process of the bound surface water, while the second relaxation process is a dynamical signature of more fluid water that exhibited a non-Arrhenius dependence on temperature.
Here we contrast the structure and dynamics of the original peptide system when co-solvents are added and characterized over a similar temperature range. We find that the kosmotropic glycerol co-solvent preserves all of the qualitative structural features of hydration water and the dynamical temperature dependence of the two water relaxation processes, while the DMSO co-solvent, by displacing the hydration layer from the peptide surface altogether, thereby eliminates the dynamical component arising from the solute hydration layer.
EXPERIMENTAL METHODS

Solution Preparations
We prepared peptide, water, and co-solvent solutions in molar quantities designed to keep the ratio of solutes molecules to solvent molecules (H 2 O + co-solvent) equivalent to our previous 1M NALMA aqueous solution studies. In particular, co-solvent mixtures studied included: (1) 
Neutron diffraction experiments
The neutron liquid diffraction data were collected using the small angle neutron diffractometer for amorphous and liquid sample (SANDALS) at the ISIS pulsed neutron source at the Rutherford Appleton Laboratory, Oxfordshire, U.K. Each sample was contained in a container made of a Ti0.68Zr0.32 alloy; this alloy composition gives no coherent neutron scattering contribution to the measured signal of the cell. The sample container is a flat plate of internal dimensions 1 mm × 35 mm × 35 mm with a wall thickness of 1.1 mm. The scattering data were collected and analyzed using neutrons wavelengths in the range λ = 0.075−3.5 Å over a corresponding Q-range for each data set of 0.1−30Å −1 . After collection, the data were analyzed using the program Gudrun, available at ISIS 22 to correct the data for the contributions from the empty cell, instrument background, absorption, multiple scattering, and to normalize the data to absolute units using the scattering of a vanadium standard. The remaining corrections to account for the contributions from inelastic scattering by the sample, which for protons can have a pronounced dependence on the scattering vector, Q, was made using the method outlined previously 23 .
Quasi-elastic Neutron Scattering Experiments
We performed QENS experiments at the National Institute of Standards and Technology to 298K for the DMSO co-solvent.
The second experiment was performed on the High Flux Backscattering Spectrometer (HFBS), using an incident wavelength of λ=6.3Å with an incident energy of E = 2.08meV, resulting in a wave vector range of 0.6Å -1 < Q < 1.67Å -1 and an energy resolution of 1.0µeV. The dynamic ranges of the instrument used were adapted to the dynamics of the system +/-35µeV for high temperatures and +/-17µeV for low temperatures. This experiment was performed using two concentric cylinders of aluminum of length 4cm differing by 0.1mm in diameter. The temperature range covered during this experiment for each co-solvent was (1) 235K to 285K for the glycerol cosolvent and (2) 230K to 263K for the DMSO co-solvent.
For all sets of experiments, the data obtained were very stable during the 14 to 16 hours of collecting time. Hence, we were able to average the data to improve the data statistics and facilitate the data analysis. For all experiments the detector efficiency, energy resolution and normalization were measured using Vanadium. The spectra were corrected for contribution of the sample holder comprised of concentric aluminum cylinders. The data were corrected and analyzed using the NIST Center for Neutron Research DAVE software 24 .
EXPERIMENTAL ANALYSIS
Neutron diffraction analysis
The neutron diffraction method determines the structural information in multicomponent disordered materials, and measures the elastic angular dependent scattering intensity or structure factor S(Q). The total structure factor obtained by a neutron diffraction experiment is described as:
( 1) where Q is the momentum transfer, c α corresponds to the atomic fraction and b α represents the scattering length, and is the Kronecker delta function. The partial structure factors contain information about the site-site correlations through the Fourier Transform:
where ρ is the atomic density and r is the distance between atomic centers.
To facilitate the direct extraction of the intermolecular structural correlations between water molecules and the NALMA solute in the presence of the glycerol and DMSO co-solvents at 298K, five samples were measured for each co-solvent, using the molar ratios described previously:
The H/D substitution is assumed to have a negligible effect on the structure of the system studied.
The corrected data were analyzed with the Empirical Potential Structure Refinement program (EPSR) 25 . 
where q α is the atomic charge for the α atom, is the Lennard-Jones (LJ) energy scale, is the interparticle distance at which the energy is zero, and is the permittivity of free space. The reference potential also maintains intra-atomic distances to define a model of the basic molecular geometry of the NALMA, water, and co-solvent molecules. We report the reference potential parameters in the Supplementary materials.
The experimental perturbation to the reference potential is defined for the i th interatomic interaction as: (4) where FT represents the Fourier transform, combines the weight matrix and feedback factor as defined previously
Quasi-elastic Neutron Scattering Analysis
Quasi-elastic neutron scattering characterizes the molecular motion in liquids. Based on collection of the incoherent dynamic structure factor of water hydrogen atoms, , the QENS analysis involves fitting it to a sum of Lorentzian contributions convoluted with the instrumental resolution. We assume that can be expressed as a convolution of three different kinds of proton motion, so that the incoherent dynamic structure factor can then be expressed as: (5) where the Debye-Waller factor represents the contribution from the proton vibration, being the mean square displacement of the proton vibration, and and are the translational and rotational dynamic structure factors.
Based on the Lorentzian fits to the scattering function, we first interpret the data using a number of analytical models traditionally applied to liquids [27] [28] [29] [30] . The translational dynamic structure factor of diffusive motions is described by:
where is the Half Width at Half Maximum (HWHM) of a Lorentzian function 28 . When using the random jump diffusion (RJD) model, can be interpreted as: (7) where is the translational diffusion coefficient, and τ 0 is the residence time in one site in the liquid before jumping to another site 29 . From this model, the mean jump diffusion length, L, can be defined as:
The rotational dynamic structure factor is described by the Sears model 30 for isotropic rotational diffusion on the surface of a sphere of radius a:
where is the rotational diffusion coefficient and are spherical Bessel functions of order l.
Due to the predominance of the second term for l=1 in Eq. (9) (for the Q range used in this study), it can be simplified to: 
RESULTS
Liquid Diffraction Experiments
The fit of S Tot (Q) (Eq. Figure 1 ) is plotted in Figure 3a , in which we observe no clustering among solute molecules, in water or in the presence of the glycerol and DMSO co-solvents, consistent with a previous X-ray scattering study of NALMA-NALMA interactions in water.
We next determine how the hydration water interactions with the NALMA solute changes in the presence of the co-solvent. According to conventional wisdom, the DMSO co-solvent should deplete the hydration layer, while the glycerol co-solvent should be excluded from the protein surface and therefore maintain a hydration layer 10 . We examine this effect by measuring the presence of a hydrogen bond between a water hydrogen atom and the oxygen of the carbonyl group of NALMA, as we compare g HO (r) in the absence or presence of either the glycerol or DMSO cosolvents (Figure 3b ). The bottom curve for the 1M NALMA solution with no co-solvent clearly shows a peak at 1.8 Å with a coordination number of 1.1, which is characteristic for a hydrogen bond. Consistent with the empirical molecular rules, for these particular co-solvents at these concentrations at room temperature, the NALMA-water hydrogen bond is conserved when the kosmotropic glycerol co-solvent is added, but disappears in the presence of the DMSO co-solvent.
Another empirical distinguishing feature between chaotropes and kosmotropes is that their respective destabilizing and stabilizing effects on protein molecules correlates with their ability to disrupt water structure in the former case or to increase or maintain water structural order in the latter case [32] [33] [34] . We determine from the liquid diffraction experiments that the spatial distribution functions around the water oxygen atoms are strongly altered for the 1M NALMA in 1:4 DMSO:H 2 O solution, but is largely unperturbed for the 1M NALMA in 1:5 glycerol:H 2 O mixture, superficially consistent with this molecular picture. Figure 4 shows that the large second coordination shell is absent when DMSO is present, while the coordination shells when glycerol is added are very similar to the ones obtained for the NALMA peptide without any co-solvent.
Therefore, we can conclude that the water layer of the NALMA solute is strongly affected by the presence of the denaturing cosolvent, which also modifies the water hydration shell.
DCS Experiments
The fits to the DCS spectra for the water dynamics measured in all NALMA/co-solvent solutions required two Lorentzians and a flat background, as did the fits to the DCS spectra for the water dynamics measured in all water/co-solvent (no NALMA) solutions. These Lorentzians were used for subsequent analysis using the RJD and Sears models to estimate the dynamical parameters Table   1 . From the Q-independence of the HWHM of the broad Lorentzian (data not shown), we derive the rotational timescale, τ rot , at each temperature, which is also given in Table 1 .
HFBS Experiments
The analysis of the high resolution HFBS spectrum required one Lorentzian and a background for all solutions involving the DMSO co-solvent; Figure 7a shows an example of the high quality of fits for DMSO, including the relative residuals. Similar quality of fits was found for Table 1 .
The analysis of the high resolution HFBS spectrum required one Lorentzian and a background for the glycerol/water data and for the 1M NALMA in 1:5 glycerol:H 2 O mixture for temperatures above 250K. However, the HFBS glycerol data for temperatures T < 250K gave a poor fit with a single Lorentzian (Figure 8a ) and an additional Lorentzian is needed to obtain a good fit (Figure 8b ). The additional Lorentzian for the glycerol data at low temperatures did not have a flat Q-dependence that would be consistent with rotational motion, but instead is a second water translational motion, similar to what we observed in our aqueous NALMA dynamical studies with no co-solvent at lower temperatures [17] . Figure 9 shows the FWHM of the narrow Lorentzian with an activation energy of 6.9 kcal/mole. As a reference state we also show the pure DMSO/water co-solvent mixture (i.e. without the NALMA solute) in which we see that the water dynamics is somewhat faster, but it exhibits virtually the same temperature dependence and activation energy of 6.6 kcal/mole compared to that with the peptide present.
In Figure 10b In Figure 11b we plot the mean jump length L = (6D trans τ 0 ) 1/2 , obtained from the jump diffusion analysis of the translational hydration water data for the NALMA-glycerol and water solution. We see a strong separation in residence times for the two diffusional timescales ( Table 1) that manifests itself in exhibiting qualitatively different trends in the mean jump length with temperature. The faster diffusional timescale shows an increasing mean jump length as temperature is lowered, and thus the same negative slope that has been observed in bulk supercooled water 33 ,
while the slower diffusional timescale shows the opposite slope, similar to the behavior observed for supercooled water interacting with vycor 33 or protein surfaces 34 . Thus the two translational timescales we measure show trends in mean jump length in which the slow component is due to confinement and the bound water at the NALMA surface, while the faster diffusional timescale is due to translational motions of outer hydration layers that are similar to bulk supercooled water.
DISCUSSION AND CONCLUSION
There continues to be debate in regards the mechanism of protein stabilization or destabilization by co-solvents [32] , although that debate is often focused more directly on the Hofmeister series of ionic additives [36] , as opposed to the non-ionic co-solvents investigated here.
An indirect mechanism proposes that chaotropes disrupt water structure so as to enhance solubilization of hydrophobic groups, thus shifting the equilibrium to the unfolded state, whereas kosmotropes increase water structure so as to diminish the solubilization of hydrophobic groups, thus stabilizing the folded state. A number of studies have sought to determine structural changes, or thermodynamic consequences of structural changes in water with co-solvents with mixed results [32, 33, [36] [37] [38] , suggesting that the indirect mechanism is a poor predictor of co-solvent behavior on protein stabilization. A more direct mechanism proposes that chaotropes or denaturants preferentially bind to the protein, thereby dehydrating the protein surface to promote the unfolded state, while stabilizing kosmotropic agents do not interact with the biological macromolecule, leading to a preferential hydration of the protein surface that favors the folded state.
We have determined that aspects of both mechanisms are true in the case of the DMSO cosolvent examined here. First the direct mechanism is supported by the observation that the hydration layer of the NALMA solute is largely destroyed by the denaturant at high concentrations of both DMSO and peptide. We show in a companion paper that the DMSO solvent displaces the water near the hydrophobic regions of NALMA due to direct favorable hydrophobic interactions of the denaturant with the peptide itself. [39] At the same time, DMSO replaces water in its own hydration shell, and the water dynamical trends with temperature are completely determined by the DMSO co-solvent regardless of the presence or absence of peptide. The two translational timescales of the original peptide water system, one of which is non-Arrhenius, collapses to a single translational process that exhibits an Arrhenius temperature dependence. This is consistent with previous studies using neutron diffraction, QENS and molecular dynamics simulation on DMSO/water co-solvent mixtures without the peptide solute. [40] [41] [42] Those studies showed that the self-diffusion coefficient of water exhibited an Arrhenius temperature dependence, unlike the non-Arrhenius behavior that is observed for pure water bulk solvent. Furthermore, it was shown while the water dynamics is strongly affected by the concentration of DMSO, the DMSO dynamics is only weakly perturbed by the molar ratio of the two co-solvents, consistent with the longer hydrogen bond lifetimes between DMSO and water as compared to that between water molecules. We would refine the language of structure breaking in this case to be a co-solvent additive that supercedes the usual structural and dynamical signatures of the water solvent.
By contrast, we have found that water has stable hydrogen-bonded interactions with the amphiphilic peptide in the presence of glycerol, exactly the same structural signature as protein systems studied by QENS 43 , fluorescence spectroscopy 44 , and densimetric method 45 which shows that the protein competes favorably with glycerol for water molecules. The maintenance of this hydration layer in turn allows for a clear separation of translational timescales for the hydration layer from the more bulk-like water population, consistent with the original hydration dynamical signatures observed for the aqueous peptide system without the glycerol co-solvent. In this case, the direct mechanism is supported, whereby the kosmotropic co-solvent is clearly more excluded from the protein surface to yield a "preferential" hydration layer. In this case structural effects on water appear to be negligible, casting doubt on the usefulness of the indirect mechanism as a fully encompassing predictor of co-solvent behavior. 
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